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Abstract

The dielectric properties of the hexagonal perovskitegTBag sTiz_xO24 (X=0, 0.4, and 0.8), BgTag_o.&TixO3 (x=0.6, 0.9, and 1.2)
and BaSr,Ta,ZrO,; were studied at microwave frequencies. XRD analysis did not reveal the presence of impurity phases in the obtained
samples and the lattice parameters of solid solutions were linearly dependent on composition. These systems show a relatively high permit-
tivity (27 <& <44) with a low dielectric loss (10,000& x f< 31,000 GHz). Solid solutions Balag_o.TixO3p With disordered face-sharing
octahedra show high&) x f values compared to ordered Jas.0.5Ti3-x024 compounds. Filling of empty vacancy layers by multicharged
cations in the BgTa, Ti)s.s015 system (0 <$<1) along with BgSr,Ta,;ZrO,; intergrowth leads to decrease a quality factor. The effect of
increasing Ti content in the pseudobinarysBa,0,5—BaTiO; system on microwave dielectric properties is discussed.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction However, there are few reports of the dielectric prop-
erties of B-site deficient hexagonal perovskites1ARD3
Development of microwave ceramics with a high dielec- containing mixed cubic/hexagonal stacking sequences.
tric constant £;) and good thermal stability together with These oxides crystallize as hexagonal perovskites and their
small dielectric losses in wide temperature and frequency crystal structure corresponds to close-packed stacking of
ranges is a key problem in the application of such materials AO3 layers. Stacking sequences can be described using ¢
to microwave technology. A combined study of both the and h notation where ¢ means cubic stacking with different
crystal structure and the electrophysical properties of new neighboring layers and h means hexagonal stacking with
compounds and solid solutions is necessary for the devel-alike neighboring layers. Accordingly, two types of octahe-
opment of new ceramic materials. The dielectric properties dra are present in these structures—face-sharing octahedra
of oxides based on the cubic perovskite structure dependedFSO) and corner-sharing octahedra (CSO). The stability of
on chemical composition, crystal structure and methods such cation deficient structures strongly depends on the size
of synthesis. The highestQ values have been obtained and the formal charge of the B-site cations. The need for
in ceramics based on AB{Qperovskite structure where electroneutrality leads to the appearance of vacancies on the
Ta>* cations occupy 2/3 of the B-positions with 1/3 of the B-sites. For the AB,,_103, homologous series the vacancies
positions occupied by Mg or Zré* cationl? It has been are usually ordered between hh layers and structure can be
recognized that) could be enhanced by inducing cation described as alternation of completely filled B-cation layers
ordering through prolonged sintering at high temperatlifes.  separated by vacancy layers. This octahedral framework is
known for its great ability to accommodate various structural
* Corresponding author. Tel.: +82 2 958 5553; fax: +82 2 958 6720. modifications. This possibility is combined with the phenom-
E-mail addressyoungjei@kist.re.kr (Y.-J. Oh). enal range of catalytic, electronic and magnetic properties.
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The microwave dielectric properties 0EB4015ceramics
(A=Ba, Sr, Mg, Zn, Ca; B = Nb, Ta) have been determifiéd.
The bestQ x f values among these hexagonal compounds
were obtained for BfTa;015 and BaNb,O15.8 Increase of
Q x fvalues at substitution of A-site Bacations with S#*in
(Bas_xSr)NbsO15 has been studiedlt has been shown that
the Ti-based LgBaTisO1g perovskite with similar hexag-
onal structure have a low dielectric los® % f=31,839)
and high permittivity ¢ =46)8 Recently it was reported
about high Q x f=62,000) value of BgZnTasO,4 hexag-
onal perovskité. This compound is isostructural to the
BagZnTasO24 hexagonal perovskite with eight-layer (cchic)
close-packed arrangement of Bal@yers1®

In the BaTasO15-BaTiO; system two types of solid
solution—BaTas+0.&Ti3_xO24 and BagTag_o.aTixO30
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Fig. 1. TGA curve of the ball-milled precursor—mixture of Bag;JaxO5
and TiG with 5% PVA binder (composition #1).

have been detected. These solid solutions have two types

of FSO with different occupancies of the vacancy layer
by Ta atoms, Ti atoms and vacancies, which result in
formation of a superstructure. In the B&ag_o.sTixO30

milled again, mixed with 2 drops of 5wt.% solution of
polyvinylalcohol (PVA) as binder, and uniaxially pressed in
cylindrical disks with 10 mm diameter and 7 mm height under

structures FSO also occur in a disordered fashion and inpressure of 200 MPa. The samples were fired 40 h at 1@00

the BaTas+0.8Ti3_xO24 Structure in an ordered fashidh.
Compounds in the BAayO15—BaZrQ; system also form
intergrowth structures with alternating Bea,O;5-type and
BaZrQs-type structural block$? These BgTa;O15-BaTiOz

on air with two intermediate exposures during heating for 1
and 2h at 350 and 100C, respectively, for removing the
binder and traces of barium carbonates. The sintered sam-
ples were well polished and their bulk density was measured

(BTT) systems are of interest as model systems for the studyusing Archimedes method. The morphology of the samples

of microwave dielectric properties of B-site substituted
hexagonal perovskites with varying types of order.

In this paper microwave dielectric properties
of BagTay+0.&Tiz—xO24 (x=0, 0.4, and 0.8) and
BajgTag_0.aTixO30 (x=0.6, 0.9, and 1.2) solid solu-
tions of hexagonal perovskites and $3&TeyZrOzq
composition, were investigated. The influence of substitu-
tion of T&* by Ti** in the BaTa4O15 “parent” compound in
the pseudobinary Bda;O15-BaTiO; system on microwave
dielectric properties is discussed.

2. Experimental procedures

All studied samples were prepared by a solid-state syn-
thesis technique using BaGOTa0s and TiQ as initial
reagents. Stoichiometric amounts of the powders were ball
milled using zirconia balls in plastic containers for 24 h in

was examined by scanning electron microscopy (FE-SEM;
Hitachi S-4200 SEM). The decomposition of the precursor
powders was studied by thermal gravimetric analysis (TGA)
on air in platinum crucible using thermogravimetric analyzer
(Universal V1.8M TA Instruments). The crystal structure and
phase purity of the samples were studied by X-ray diffrac-
tion techniques. X-ray powder diffraction (XRD) data of
the synthesized samples were collected by a Rigaku RINT
DMAX 2500 diffractometer (Cu k& radiation). All peaks

for the composition #1-3 match with BBasTizO24 com-
pound (S.G. Pgmmc (194); JCPDS card 44-0264) and for
composition #4—6 with BgTay 04Ti1.2030 compound (S.G.
P6/mmc (194); JCPDS card 44-0561). The lattice parame-
ters of the samples were calculated by the least-square fit-
ting method Table 1. Specimens were examined using a
PHILLIPS CM30 TEM operated at 200 kV. Thin foils for
TEM were prepared by the conventional technique of slic-
ing the annealed samples using a diamond saw, ultrasonic

deionized water. The pelletized samples were preheated tocutting to discs of 3mm in diameter, mechanical polishing

1000°C for 40h. The calcined tablets were crushed, ball

using SiC grits, dimple grinding (Gatan Dimple grinder) and

Table 1

Lattice parameters of BTT samples calculated from XRD diffractograms

Sample no. Composition X a(A) [« (A) a(,&) (Ref. 11) c (A) (Ref. 11)
1 BagTas+0.&Tiz—xO24 0 5.7882 18.833 5.7913(1) 18.8710(7)
2 0.4 5.7942 18.879

3 0.8 5.8033 18.898 5.8038(9) 18.912(5)
4 BajoTag—o0.aTixO30 1.2 5.7965 23.767 5.7966(1) 23.7482(7)
5 0.9 5.8008 23.802

6 0.6 5.8027 23.817 5.8056(5) 23.860(3)
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Table 2
Microwave dielectric properties of synthesized samples
Sample no. Compound X 8 er Q Qx fo (GHz) 7t x 168 (ppmPC) d (%TD)
1 BagTas+0.aTi3—xO24 0 0.5 40 1735 12960 - 96
2 0.4 0.46 36 1585 12050 - 92
3 0.8 0.42 44 1187 9720 - 97
4 BajoTag—0.sTixO30 1.2 0.12 35 3411 25760 64 92
5 0.9 0.09 35 3105 23640 69 93
6 0.6 0.06 34 4019 30820 57 94
7 BasTayO15* 0 28 5700 31640 12 95
8 BasSrnTayZrOo1 27 1282 9810 92

ion-beam thinning (DuomillM 600, Gatan, Pleasanton, CA,

have a composition close to the nominal one.

The dielectric constant was measured by Hakki and Cole-
USA) to electron transparency. Composition microanalysis man’s dielectric-resonator method at microwave frequency.
for the BTT grains was performed via energy dispersive X- The quality factor was measured by a reflection system
ray spectroscopy (EDS) using (EDAX, DX-4, Mahwah, NJ, at resonant frequency using a network analyzer (Hewlett
USA) equipped with TEM and the crystals were found to Packard, Model HP 8720C). For the present samples reso-

nance occurred between 5.5 and 8.5 GHz. The temperature

coefficient of resonant frequency was measured by noting the
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3. Results and discussion

variation of Th11 resonance mode in the temperature range
25-80°C.

For accurate evaluation of microwave dielectric proper-

ties in a series of solid solutions, high dense (>95%) and
single-phase ceramics with similar microstrucure should be
prepared. The sintering technique that was used for prepar-
ing single-phase samples in refs. 11 and 12 produced porous
ceramics not suitable for dielectric measurements. To avoid
melting and formation of secondary phases sintering tem-
perature was kept below 140Q. Generally, densification

is being promoted by intermediate milling of the calcined
powders. Instead, consequent regrinding and sintering of the

samples at 1400C have led to the saturation of relative den-
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Fig. 2. (a) XRD spectra for the samples #1-3 withgBa+0 s Tiz—xO24
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TGA curve for Ba—Ta—Ti—O (BTT) precursor, given in is completed at this temperature, as no impurity phases are
Fig. 1, is typical for all Ba—Ta-Ti—-O samples. The weight present in the X-ray patterns. The temperature treatment of
loss at T<500C can be attributed to the removal of ab- the ball-milled precursors was optimized based on TGA re-
sorbed water and decomposition of PVA bindéTwo-stage sults to get the highest density values. First heating up to
process at 500-90C deals with decomposition of barium  350°C with 10°C/min rate and soaking for 1 h leads to the
carbonate and formation of complex oxide. XRD analysis binder eliminating, then heating up to 100D with 5°C/min
of samples calcined at 100Q proved that formation of the  rate and 2 h soaking results in residual barium carbonate de-
BajgTag_0.aTixO30 and BaTas+0.5Tiz—xO24 main phases  composition and phase formation. Cooling was carried out

(b)

Fig. 4. (a) Typical SEM images of synthesized BTT sample #4oBa&.04Ti1.2030 composition. (b) TEM micrograph of sample #1. White spots indicate
points of EDS analysis. Inset: Electron diffraction pattern taken from sample #1 along [1 00].
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with the furnace. Densities of the as-prepared samples (sedion. As for dielectric constant the highest value 44 was for

Table 9 were high enough for microwave dielectric measure- the BaTas g4Ti2.2024 cOmposition.

ments. In the BaTauO15-BaTiO; solid solutions substitution
Fig. 2a and b show the X-ray diffraction patterns of BTT Ta>* by Ti** can be represented as 488, Ti)s+;O15 Or

as-synthesized samples. The calculated by the least-squar&Bn_1+s03n. In the series Bala;O15 — BaygTag_o.s«

fitting method lattice parameters are plotted vergsum TixO30 — BagTau+0 &Tiz—xO24 — BaTiO3 the value §
Fig. 3. The lattice parameters of solid solutions are linearly (Table 2 reflects increasing of the titanium content and
dependent on the. For comparison literature valuésfor quality factor decreases in these series. As for dielectric

some compositions are also listedTiable 1, revealing good constant the dependence on Ti-content has inverse type
agreement. The typical SEM micrograph of as-prepared (see inset irFig. 5 and increase in Ti-content leads to the
BTT ceramics is shown ifrig. 4a. Dense and non-porous increase of dielectric constant. This fact is in agreement with

microstructure with rather large grain size of 10420 well-known correlation of intrinsic loss with the permittivity
makes obvious good quality of samples for the microwave by a power law
dielectric measurements. All the samples have the same chemical and thermal pre-

The general microstructure of the BTT ceramics was con- history. As is suggested by SEM, TEM, and density mea-
firmed by TEM analysisKig. 4b). The TEM micrograph of ~ surement they have similar dense microstructure. XRD and
the sample #1 shows absence of pores or precipitates eitheelectron diffraction patterns of the samples do not show pres-
in the matrix or grain boundaries. In some cases twins are ence of any crystalline impurities. Hence the main sources
observed in large grains (upper partkfy. 4b). These de-  of extrinsic losses in the ceramic samples wholly or in part
fects are typical for this structure and their origin was dis- were minimized. Itis reasonable to look at structural changes
cussed earlie!t Quantitative X-ray analysis of BTT grains in the “parent” BgTa;O15 compound on doping by BaTiD
was performed by EDS analysis, located inside the matrix and SrZrQ considering intrinsic losses in series of solid so-
BTT grains, grain boundaries or in the triple junction. Points lutions.
of analysis are shown oRig. 4o as a white spots. Since BasTasO15 crystallizes in the P31 space group and has
the Ka peaks of titanium strongly overlap thex peaks of trigonal structure with a five-layer closest packing with (hc-
barium, tantalum concentration and sum of titanium and bar- cch) stacking sequencEi@. 6a). The tantalum ions, located
ium concentration were compared. Maximum deviation from in the octahedral holes between layers and cation vacan-
the nominal composition does not exceed 1 at.%. Electron cies, form central layer thus providing charge neutrality and
diffraction analysis confirms that the BEa,TizO24 has the the maximum partition of T ions. Substitution of 4T
ordered hexagonal structure (ins@. 4b) in accordancewith by 5Ti** cations requires accomodation of additional multi-
the previous researthand no crystalline secondary phases charged cations on doping. It results in filling of empty va-
were identified. cancy layer and changes in the crystal structure. The crystal

As it can be seen fromiable 2andFig. 5; the microwave structure of BagTay 04Ti1.2030 is based on the 10H (hccec)
dielectric properties in each series of Ba—Ta—Ti—O solid solu- close packing of Ba® layers Fig. 6b) and two types of
tions vary through a small range, but the difference between corner-sharing octahedra are present. All of them are jointly
series is obvious. The maximu@x f value achieved inthis  occupied by Ta and Ti atoms. The B-site cations occupy 1/4
study was 30,820 GHz for the B ay 52Tig.6030 cOMposi- of the octahedral cavities existing between FAlyers in
such a way that the B§octahedra form a 3D network of
corner-sharing octahedra (CSO). Replacement of Ta by Ti
cations leads not only to the occupancy of vacancy layer

empty in BaTasO15. Distance between the nearest Ta-Ta
30 - “or atoms becomes 2.34 that corresponds to a metal-metal
X3 _wa bond. Strong anisotropy of the thermal parameters indicates a
oy 251 " | cationic displacement of some Ta cations from ideal position
§ . allowing to extension of the Ta—Ta distance. These devia-
S 20r 00 ooz o004 ooe tions from the perfect lattice periodicity lead to scattering of

Ti content, mol. %

a5

the phonons and thus to dielectric los$&lose occupancy
b . of two types of FSO ((0.5Ta+0.5) and 0.56(Ta, Ti) +0.44)
* suggests disordered arrangement of different pairs of
, , , , Fsoi!
0.00 0.02 0.04 0.06 The crystal structure of Bdas+0.5Ti3—x024 is based on
Ti content, mol. % the 8H (cchc) close-packed stackind-ig. 6¢). Increasing
) ) ] ) ) ) of Ti content results in the rise of the average occupancy
Fig. 5. Mlcrqwave dlelectrlc_ prope.rtlesQ(xf.) of syn_theS|zed sam- in the second type of FSO (0.875(Ta, Ti)+0.125). For
ples vs. titanium content. Triangles: Ha@, 015, squares: samples #4—6 . . .
(BawoTas_o.8:TixOs0); and circles: samples #1-3 (B8a+0.8:Tiz_xOz4) In- this reason ordering of FSO has been made possible. Both
set: Dielectric constant() of synthesized samples vs. Ti content. structures of studied solid solutions contain two types of

10 - °
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(a)

Fig. 6. The stacking sequences (c: cubic and h: hexagonal) for §@aBay 5, (b) BayoTag—0.axTixO30, and (C) BaTay+0.5Tiz—xO24 compounds. Dark triangles:
B-site fully occupied; light dark triangles: B-site partially occupied; and light triangles: B-site empty.

face sharing octahedras (FSO) with different occupan- better microwave dielectric properties in comparison with
cies by Ta atoms, Ti atoms and vacancies. Structures ofordered BgTau+0.sTiz—xO24 compounds. In the series
BagTay+0.5Ti3-xO24 and BaoTag—0.aTixO30 compositions  of  BagTayO15-BayoTag—o0.&TixO30-BagTay+0.8Tiz-xO24

are close to each other but the latter is characterized ascompounds dielectric constant is increased in parallel with
more disordered. As for dielectric microwave properties decreasing of quality factor.

the strengthening of interaction between multicharged

Teo* or Ti** cations is more significant than ordering
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